A Spatiotemporal And Geochemical Evaluation Of Groundwater Quality Adjacent To Natural Gas Drilling And Hydraulic Fracturing In Dimock Township, Susquehanna County, Pennsylvania by Hottenstein, Aaron
Georgia State University
ScholarWorks @ Georgia State University
Geosciences Theses Department of Geosciences
8-12-2014
A Spatiotemporal And Geochemical Evaluation Of
Groundwater Quality Adjacent To Natural Gas
Drilling And Hydraulic Fracturing In Dimock
Township, Susquehanna County, Pennsylvania
Aaron Hottenstein
Follow this and additional works at: https://scholarworks.gsu.edu/geosciences_theses
This Thesis is brought to you for free and open access by the Department of Geosciences at ScholarWorks @ Georgia State University. It has been
accepted for inclusion in Geosciences Theses by an authorized administrator of ScholarWorks @ Georgia State University. For more information,
please contact scholarworks@gsu.edu.
Recommended Citation
Hottenstein, Aaron, "A Spatiotemporal And Geochemical Evaluation Of Groundwater Quality Adjacent To Natural Gas Drilling And
Hydraulic Fracturing In Dimock Township, Susquehanna County, Pennsylvania." Thesis, Georgia State University, 2014.
https://scholarworks.gsu.edu/geosciences_theses/78
A SPATIOTEMPORAL AND GEOCHEMICAL EVALUATION OF GROUNDWATER  
QUALITY ADJACENT TO NATURAL GAS DRILLING AND HYDRAULIC FRACTURING 
IN DIMOCK TOWNSHIP, SUSQUEHANNA COUNTY, PENNSYLVANIA  
 
by 
 
AARON HOTTENSTEIN 
 
Under the Direction of Nadine Kabengi 
 
ABSTRACT 
In the Marcellus shale region, elevated concentrations of dissolved methane in private 
water wells has been shown to be linked to natural gas extraction, but little is known of the 
connections between methane, gas production, and water chemistry.  This study evaluates the 
relationships of methane to the major chemical constituents of groundwater by comparing 
analytical data obtained from a stray gas investigation by the Pennsylvania Department of 
Environmental Protection (PADEP).  Furthermore, spatiotemporal relationships of dissolved 
methane to gas well production and total iron (Fe) concentrations of groundwater to adjacent gas 
wellheads are examined.  The objectives of this study were to identify essential pre- and post-
drill test parameters that are sensitive to methane, and to determine what water types are 
associated with stray gas.  It was discovered that total Fe concentrations in groundwater 
increased and sulfate (SO4) concentrations decreased likely as the result of redox reactions by 
anaerobic microbes in the presence of stray gas.  Therefore, total Fe and SO4 should be mandated 
pre- and post-drill test parameters for baseline water quality assessments. 
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1 INTRODUCTION  
1.1 The Marcellus Shale and Environmental Impacts 
The recent demand for a low carbon energy source coupled with technological advances 
in horizontal drilling and hydraulic fracturing have propelled the natural gas industry in the 
Marcellus shale region, and other gas plays of the United States.  Like any other booming 
industry, there are many benefits to this present day “gold rush”.  One could argue that job 
creation, increased tax revenue, and a domestic energy supply are valid reasons to allow drilling 
and hydraulic fracturing to occur with relatively less regulation as compared to other industries.  
However, unconventional natural gas extraction has the potential to cause many negative 
environmental impacts such as wastewater leaks, chemical spills, excessive demand on water 
resources, radioactive drill cuttings, air quality issues, and contamination to drinking water 
supplies (Kargbo et al., 2010).   
Although there are many potential environmental problems that could occur, methane 
contamination of groundwater seems to be the overwhelming negative impact caused by the 
natural gas industry in the Marcellus Shale region of northeastern Pennsylvania.  Methane, the 
major component of natural gas, is commonly found in groundwater of northeastern 
Pennsylvania before any drilling activities occurs (Boyer et al., 2012).  However, stray gas 
leaking from the casing of a natural gas well can cause elevated concentrations of methane, 
which sometimes ends up in the drinking water of a nearby resident.  Therefore, it is difficult to 
know if methane contamination is naturally occurring or induced by natural gas extraction.   
2 
1.2 Hydraulic Fracturing 
The permeability of the Marcellus shale bed has been documented to be extremely low 
and hence natural gas flow through it to be unsuitable for production needs (Myers, 2012).  
Horizontal drilling combined with hydraulic fracturing has made a once sequestered resource 
now accessible for extraction and public use.  Hydraulic fracturing fragments the shale, thus 
increasing its permeability and allowing the sequestered gas to escape quickly (Myers, 2012).  At 
each drill site, boreholes are hydraulically stimulated in multiple stages to create the maximum 
amount of surface area to free the natural gas (Davies et al., 2012).  Once the natural gas is freed, 
it has an open pathway to the surface through the boreholes and fractures.   
Hydraulic fractures propagate when the tensile strength of the host rock and confining 
pressure at a specific depth are exceeded by fluid pressure (Kargbo et al., 2010).  This process 
can occur either naturally or through artificial well stimulation known as hydraulic fracturing or 
“fracking”.  In the Appalachian basin of northern Pennsylvania, horizontal drilling is done in the 
north-northwest direction due to the higher average density of the east-northeast joint set relative 
to that of the cross-fold joint set (Lash & Engelder, 2009).  This drilling orientation strategy 
maximizes the surface area that can be hydraulically fractured.  Furthermore, the hydraulic 
fracturing of low permeability, homogeneous rock such as shale results in more extensive 
fractures than that of heterogeneous formations of variable permeability, and confining pressure 
(Davies et al., 2012).  In a study by Davies et al. (2012), the vertical extents of fractures created 
by the hydraulic fracturing of horizontal boreholes were measured and reviewed.  Of the five 
shale gas formations studied (Eagle Ford, Woodward, Barnett, Marcellus, and Niobrara), it was 
found that the Marcellus Shale is generally the shallowest formation and has the highest 
frequency of upward vertical fractures beyond 200 meters (656 feet).  However, stimulated 
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fractures larger than 200 meters have been documented.  In fact, Fisher and Warpinski (2011) 
report artificial fractures reaching 500 meters above the upper contact of the Marcellus shale 
formation.  These fractures could potentially connect to existing natural fractures, overlying, 
higher conductive sandstone, or unplugged abandoned boreholes (Myers, 2012).  Additionally, 
according to Myers (2012), hydraulic fracturing changes the hydrogeology of the shale and the 
overburden, and pushes brine waters out by displacement with injected solutions of fracking 
fluids. 
1.3 Stray Gas Contamination of Drinking Water 
Previous studies have indicated that drinking water wells located within one kilometer of 
a natural gas wellhead have increased levels of methane as opposed to drinking water wells 
farther away (Osborn et al., 2011).  Similarly, a study by Jackson et al. (2013) found that shallow 
drinking water wells within one kilometer of natural gas wellheads are likely to have higher than 
average concentrations of ethane and propane; both components of thermogenic gas specific to 
deeper formations.  However, other studies have found little to no association of increased 
methane and natural gas extraction.  A study by Molofsky et al. (2013) concluded that methane is 
common to Susquehanna County and best correlates with topography and geochemistry, not 
proximity to gas wells.  Similarly, a study conducted by Boyer et al. (2012) found neither a 
statistically significant increase in methane after drilling nor a negative correlation to distance 
from drilling. 
Negative impacts (chiefly methane) to groundwater can be attributed to poor well 
construction (Jackson et al., 2013, Vidic et al., 2013), forgotten boreholes abandoned from 
previous oil exploration (Myers, 2012), and seepage through natural rock fractures (Warner et 
al., 2012).  For most cases, methane contamination of drinking water wells is attributed to poor 
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gas well construction (Vidic et al., 2013).  Gas well operations begin by drilling vertically 
through the surficial aquifer and eventually turning ninety degrees (horizontally) to follow the 
shale bed of interest.  The vertical portion of the borehole is cased with steel to prevent any 
propping agents, stray gas, and flow-back water from reaching shallow drinking water supplies.  
In addition to the steel casing, the outside of the casing, the annulus, is filled with a cement 
mixture to prevent any stray gas from simply following an open pathway between the outside of 
the casing and the borehole.  
The increase of dissolved methane is usually attributed to faulty cement work of the 
vertical well casing, but a hydraulic connection of an overlying aquifer and underlying shale may 
be of a concern (Warner et al., 2012).  The cross-formational connectivity could possibly be 
through either natural (e.g. fractures, faults, fissures, etc.) or man-made (e.g. abandoned 
boreholes left open) conduits (Myers, 2012).  If a cross-formational connection exists prior to 
hydraulic fracturing, certain groundwater characteristics will be present.  Deeper aquifers have 
higher concentrations of Total Dissolved Solids (TDS) than usable shallow aquifers, and if a 
hydraulic connection exists, mixing will occur resulting in higher than average concentrations of 
TDS in the shallow aquifer waters.  For a hydraulic connection to be present, a pathway (e.g. 
fractures or boreholes) must be present in the setting of the residential drinking water well for 
methane contamination to occur.  Groundwater with specific chemical characteristics indicates 
mixing with deeper, formational water and suggests that a pathway is probably nearby.  Perhaps, 
geochemical relationships exist between certain water quality parameters and dissolved methane.   
1.4 Geochemistry Associated with Methane 
The Marcellus shale contains brine that is much saltier than seawater (35,000 milligrams 
per liter (mg/L) TDS) and it has a specific isotopic composition not found in the shallow 
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Devonian groundwater lying above (Chapman et al., 2012).  Marcellus brine has average sodium 
(Na), chlorine (Cl), calcium (Ca), and boron (B) concentrations of 33,000 mg/L, 92,000 mg/L, 
16,000 mg/L, and 3,700 mg/L, respectively (Osborn et al., 2011).  Similarly, in a study 
conducted by Chapman et al. (2012), flow-back water from the Marcellus shale was collected 
from hydraulic fracturing operations in Bradford County, Pennsylvania.   The brine had 
concentrations of Na, Cl, Ca, and B ranging from 27,000 mg/L to 49,400 mg/L, 68,000 mg/L to 
159,000 mg/L, 6,120 mg/L to 20,800 mg/L, and 5,490 mg/L to 12,000 mg/L, respectively.  On 
the other hand, shallow aquifers in study region typically have groundwater with TDS 
concentrations of 300 mg/L or less.  If mixing with deeper, formational waters occurs, it would 
be detectable by the cation/anion composition.  In a pre-drill study of methane and groundwater 
quality by Molofsky et al. (2013), it was discovered that sodium-bicarbonate-chloride (Na-
HCO3-Cl) and Na-Cl water types represented only a small portion of their sample population (4 
out of 408); but 3 out of the 4 samples exceeded 10 mg/L for dissolved methane.  These atypical 
water types associated with higher levels of methane are not consistent with most groundwater of 
the region, and may suggest mixing of shallow groundwater with deep, formational water 
accompanying thermogenic gas (Warner et al., 2012). 
1.5 Study Purpose 
  Currently, the Pennsylvania Department of Environmental Protection (PADEP) does not 
have mandated sampling and analytical requirements for the natural gas industry, only 
recommendations.  This study will identify essential test parameters for pre- and post-drill water 
testing.  Unconventional natural gas drilling is a relatively new industry in the Marcellus region 
of the northeast, so the results of this study will contribute to the knowledge of water quality 
issues associated with this type of drilling in this specific area and could potentially help evaluate 
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whether pre-drill (baseline) testing of aquifers neighboring unconventional drilling must be 
required in the future.  Understanding how and why these water issues occur will allow steps to 
be taken in the future to safely extract natural gas while protecting the aquifers and drinking 
water of nearby communities. 
1.6 Research Questions 
Methane concentrations have been shown to be elevated in domestic water wells near gas 
wellheads (Osborn et al., 2011), but the question remains whether a spatiotemporal relationship 
and/or geochemical association exists with those elevated methane concentrations.  To answer 
these questions, four separate evaluations of data collected from the stray gas investigation of 
Dimock Township were conducted.  First, major chemical constituents, TDS, and strontium (Sr) 
were compared to dissolved methane concentrations and potential correlations with water 
chemistry were determined.  Second, a trilinear diagram was constructed to find what chemical 
characteristics are common to the study region and what, if any, water types are associated with 
elevated methane concentrations.  Third, average methane concentrations of domestic water 
wells were compared spatially to natural gas well production to ascertain whether gas production 
may have an influence on the surrounding aquifers.  Fourth, total iron (Fe) concentrations of 
domestic water wells were compared spatiotemporally to adjacent gas wells to observe 
influences, if any, on surrounding waters.   
2 BACKGROUND 
2.1 Study Region 
The study region is located within Dimock Township, Susquehanna County, 
Pennsylvania (Figure 1).  Dimock Township is located in northeastern Pennsylvania, 
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approximately 20 miles south of the New York State border.  From 2008 through 2010, the 
PADEP conducted a stray gas investigation after rural residents complained of water quality 
issues following drilling and hydraulic fracturing by Cabot Oil and Gas.  Data collected for this 
study was obtained by a file review of the Dimock Township stray gas investigation.  
 
Figure 1. Black rectangular outline of inset map shows the location of the study region 
relative to the northeastern U.S.  The large map shows domestic water well locations within 
Dimock Township, Susquehanna County, Pennsylvania that were used in this study. 
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2.2 Geology of Study Region 
2.2.1 Sedimentology and Stratigraphy 
The study region lies on the northeastern portion of the Allegheny Plateau and just to the 
north of the valley and ridge province of Pennsylvania (VanDiver, 1990).  The Marcellus Shale, 
the target shale for natural gas extraction, is approximately 7,000 feet deep and 300 feet thick in 
the study region, but depth and thickness vary throughout Pennsylvania.  The Marcellus Shale is 
a subgroup of the Hamilton Group, which formed in the Middle Devonian Period approximately 
385 million years ago.  Overlying units of the Marcellus Shale in northeastern Pennsylvania are 
typically sandstone or siltstone formations deposited in Upper Devonian, Mississippian, or 
Pennsylvanian time of the Paleozoic Era.  According to a geologic cross section created by 
Osborn et al. (2011), the stratigraphy from west to east overlying the Marcellus Shale is the 
Hamilton Group, the Tully Limestone, the Lock Haven Formation, and the Catskill Formation 
(Figure 2).  The surface rock of the study region is the Catskill Formation, which is a thick, 
deltaic sequence of flat lying beds of sandstone, siltstone, and shale.  
2.2.2 Geologic Structures 
In this area of the Plateau, the surficial beds are mostly horizontal to gently-folded with 
broad anticlines and synclines (VanDiver, 1990).  However, the Marcellus Shale is heavily 
folded, and as a result, is riddled with joints and faults.  Jointing of the Marcellus Shale and other 
Middle Devonian units in the area were a result of tectonic compaction, burial, or stress release 
through exhumation.  Moreover, tectonic stresses altered natural fluid pressures, which in turn 
created tectonic fractures as well.  Jointing dominantly occurred in an east-northeast strike and 
also perpendicular to the Alleghanian fold axes. 
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West to East Geologic Cross Section 
 
Figure 2. A west (A) to east (A’) geologic cross section of Bradford and Susquehanna 
Counties in northeastern Pennsylvania.  The study region (Susquehanna County) is on the 
right side of this cross section.  Osborn et al. (2011). 
 
According to Lash and Engelder (2009), joints in the Appalachian Plateau in New York 
State show no evidence of mineralization, so propagation may have occurred from methane.  
Methane, once converted from organic matter, displaced hydrous fluids that would have allowed 
mineralization (Lash & Engelder, 2009).  Furthermore, methane gas could have acted as a 
principal stress just like hydrous fluids.  According to Davies et al. (2012), gas that comes out of 
solution during ascent of fluid in natural hydraulic fractures may lead to stress to propagate 
vertical fractures further (Davies et al., 2012). Additionally, displaced fluids increase pressure 
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and may prop open existing fractures or induce new fractures by hydraulic fracturing (Evans and 
Fischer, 2012).  All of these processes increase the permeability and result in new fluid flow 
pathways.  Plumose structures with incremental growth indicate that the majority of the 
dominant east-northeast striking joints propagated from fluid pressure (Lash & Engelder, 2009).  
According to Lash and Engelder (2009), early crosscutting occurred when pore pressure was 
significantly high and this led to the propagation of the east-northeast striking natural hydraulic 
fractures.  
Black Devonian Shale, including the Marcellus, is dominantly jointed striking east-
northeast followed by cross-fold jointing at high angles of the Alleghenian axes.  East-northeast 
joints are closely spaced while the cross-fold joints are more spread.  Lash and Engelder (2009), 
found that the east-northeast striking joints formed prior to the cross-fold joints in south-central 
New York, but in south-western New York, the fractures indicate that the cross-fold jointing 
occurred first.  The first joints were a result of fluid pressure after organic matter was converted 
to hydrocarbons upon subsequent burial (Lash & Engelder, 2009).  Based on the findings of Lash 
and Engelder (2009), both the east-northeast joints and the cross-fold joints of the Devonian 
black shale units formed at peak burial depth, so it is likely that these joints exist in the 
subsurface. 
2.2.3 Hydrogeology and Aquifers 
In the study region, the principal aquifer used for a water supply is the Catskill Formation 
(Figure 3).  Water wells are drilled into sequences of sandstone, siltstone, and shale with 
sandstone beds commonly acting as the reservoir and shale beds as the confining layers.  The 
groundwater used is meteoric water that dominantly resides in fractures, but also in pore spaces 
of sandstone.  Typical domestic water wells of the study region are open boreholes completed to 
11 
depths of 60 to 90 meters (200 to 300 feet) below ground surface (Warner et al., 2012).  The top 
portions of the wells are usually cased to a depth of 6 to 12 meters (20 to 40 feet) to prevent 
collapse of unconsolidated sediments and weathered bedrock.   
 
Figure 3. Black rectangular outline of map shows the location of the domestic water wells 
studied and the principal aquifers of the study region. 
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3 METHODS 
3.1 Data Collection 
Secondary data were collected through a file review at the north-central regional office of 
the PADEP in the City of Williamsport, Pennsylvania.  Scans and copies of tables, maps, and 
groundwater analytical reports from the Dimock stray gas investigation were obtained over the 
course of 3 days in July of 2013.  Due to the large volume of files pertaining to this investigation, 
not all files were collected, and focus was made primarily on quantitative and spatial data.  The 
data collected for this study came from a prior investigation by the PADEP of stray gas 
migration in Dimock Township, Susquehanna County, Pennsylvania.  During this investigation, 
groundwater sampling of residential drinking water wells that neighbored natural gas drilling and 
hydraulic fracturing were conducted and samples analyzed for a range of water quality 
parameters.  To determine whether drilling and hydraulic fracturing negatively impacted the 
overlying aquifers, sampling of groundwater was conducted prior to, during, and after drilling 
activities.  The majority of this investigation and sampling occurred subsequent to gas drilling 
and the pre-drill water quality analyses on most of the domestic water wells for which post-drill 
data were obtained were either limited or just completely missing.  During the investigation, 20 
out of 58 domestic water wells sampled were found to have average dissolved methane 
concentrations in excess of 7 mg/L, the corrective action level recommended by the PADEP.  Of 
those 20 domestic water wells, 8 had average dissolved methane concentrations in excess of 28 
mg/L, the saturation concentration for methane at atmospheric pressure and the upper threshold 
for hazard mitigation by the U.S. Department of Interior. 
13 
3.2 Data Analysis 
Data collected from the PADEP files were first tabulated in Microsoft Excel and 
reviewed for accuracy between digitized and hard copies.  The data tabulated included 
coordinates of gas wells, coordinates of domestic water wells, and groundwater chemistry of the 
domestic water wells.  Following the initial tabulation, quarterly data were organized by 
domestic water well and by chemical parameter of interest.  To keep landowners anonymous, 
domestic water wells were assigned identification numbers rather than using their family name.  
Natural gas wells were identified as the farm name, the same identification used by the PADEP, 
which is available to the public.  While a large number of chemical parameters were available 
from the PADEP reports, the focus of this study was made towards dissolved methane, total 
dissolved solids (TDS), calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), sulfate 
(SO4), bicarbonate (HCO3), chloride (Cl-), total iron (Fe), and strontium (Sr).    
3.2.1 Water Chemistry Comparison With Dissolved Methane 
To determine whether any relationship exists between the dissolved methane 
concentration and other water chemistry parameters, the methane concentrations were plotted 
against the major chemical constituents (Ca, Mg, Na, K, SO4, HCO3, Cl-), TDS, and Sr in 
Microsoft Excel.  Since the groundwater samples were not analyzed for either methane or other 
natural gas parameters before drilling and hydraulic fracturing, all methane concentrations used 
in the plots corresponded to post-drill samples. 
Two types of temporal comparisons were made:   
1) Plots of all methane concentration and water chemistry concentration pairs were made 
over the course of 2009 and 2010 (Figures 4.1 to 4.9).  Due to the high volume of analyses for 
some of the domestic water wells, the pairs were plotted by quarterly time periods (3 months).  If 
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multiple methane and water chemistry pairs were available within a quarterly time period, only 
one pair was selected.  If available, sample pairs with broad analyses were selected first, if not, 
the last sample pair of the quarter was chosen.  Additionally, when available, some methane and 
water chemistry pairs from the same domestic water wells were plotted in multiple quarters 
(symbols on the graph represent quarterly time periods), hence some of the points (symbols) on 
the graph from quarter to quarter may be from the same domestic water well.  The goal of these 
plots was to determine what relationships, if any, exists between dissolved methane and chemical 
constituents.  
2) A plot of the first and last pairs of dissolved methane concentrations and water 
chemistry values from the same domestic water wells were made over the course of 2009 and 
2010 (Figures 5.1 to 5.8).  This second plot was created to ascertain whether any detectable 
changes have occurred to the same waters throughout drilling and hydraulic fracturing activities 
from 2009 to 2010 
3.2.2 Geochemical Facies Associated With Methane 
In addition to plotting methane versus water chemistry, a trilinear (Piper) diagram (Figure 
6) was created by the use of GW chart software, created by United States Geological Survey 
(USGS) to evaluate trends of relative ion concentrations with either increasing or decreasing 
dissolved methane concentrations and to determine if any of the chemical facies are associated 
with methane values.   In creating the trilinear diagram, the data were limited to the second half 
of 2010 (6 month period).  This time period was chosen because it corresponded to the largest 
volume of samples collected for which a more comprehensive water quality analysis was 
conducted as compared to previous time periods.  To construct a trilinear diagram, all the ionic 
constituents along with dissolved methane values have to be present for each sample otherwise 
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plotting would be misrepresented and imprecise.  To construct the trilinear diagram the following 
steps were taken: 
1) The selected analytical data from the second half of 2010 were broken into cations and 
anions (Appendix A).  The major cationic constituents of trilinear diagrams are Ca, Mg, Na, and 
K, and the major anionic constituents are carbonate (CO3), HCO3, SO4, and Cl.  HCO3 was 
calculated from alkalinity, which was reported on the PADEP reports as CaCO3.  Also, due to 
the pH range (6.1 to 9.6, but most within 6.5 to 8.5) of the waters sampled, it was assumed that 
HCO3 was dominant over CO3, thus CO3 was considered to be zero.   
2) The concentration in milliequivalents per liter (meq/L) of each cation/anion was 
calculated by dividing the reported concentration in mg/L by the ion molecular weight, and then 
multiplying by its ionic charge. 
3) The milliequivalent per liter percentage (meq/L %) of each cation was then calculated 
by dividing its concentration, expressed in meq/L, by the sum of all the cations concentrations 
and multiplying by 100 (Kehew, 2001).  The same procedure was followed for the anions. 
4) Each sample was plotted on the trilinear diagram by meq/L % and by dissolved 
methane concentration.  Different symbols were used to represent various ranges of dissolved 
methane concentrations.  A circle was used as a symbol to represent less than 1 mg/L including 
nondetectables, a triangle for 1 to 10 mg/L, a square for 10 to 35 mg/L, and an X for greater than 
35 mg/L. 
3.2.3 GIS Evaluation of Gas Well Production and Dissolved Methane 
To check whether a spatiotemporal correlation exists between domestic water well 
methane concentrations and gas well production, ArcMap, a Geographical Information System 
(GIS) application, was used to create two maps of active gas wellheads, gas laterals (horizontal 
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portion of gas borehole), and domestic water wells (Figures 7 and 8).  The two maps created are 
based on data obtained from the PADEP oil and gas reporting website 
(https://www.paoilandgasreporting.state.pa.us).  Production data for the Dimock Township gas 
wells obtained from the website which could be used for this comparison were limited to two 
time periods: July of 2009 to June of 2010 (12 month average) and July 2010 to December 2010 
(6 month average).  Creating the maps was accomplished by the following steps: 
1) For each domestic water well, and when available within the specific time periods 
mentioned above, average methane concentrations were calculated in Microsoft Excel along with 
the standard deviation and the standard error.  These average values obtained were then 
tabulated, one table for the second half of 2009 to the first half of 2010 (Appendix B.1) and 
another for the second half of 2010 (Appendix B.2). The tables were then imported into ArcMap 
for analysis. 
2) Tables for gas production per wellhead per day were also created in Microsoft Excel 
and imported into ArcMap.  Similarly, two tables were created over the same time periods 
(Appendix C.1 and C.2).  The PADEP oil and gas reporting website only reports gas production 
for a given time period and the number of days in production.  The average gas production per 
wellhead per day was obtained by dividing total gas production by the number of days. These 
average values were obtained to facilitate comparisons between gas wells with different gas 
production.  
3) The tables were imported into ArcMap by the coordinates of the domestic water wells, 
gas wellheads, and gas laterals.  The world geodetic system of 1984 was used as the coordinate 
system in ArcMap to plot all data.  A dot concentration with five natural breaks for average 
methane in mg/L was used for domestic water wells and a dot concentration with five natural 
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breaks for average daily gas production in thousand cubic feet of natural gas per day (Mcfd) was 
used for gas wellheads.  Two maps with a topographical background were created for the two 
separate time periods.  Figure 7 comprise data from second half of 2009 to the first half of 2010 
and Figure 8 contain data from the second half of 2010. 
3.2.4 Spatiotemporal Evaluation of Total Fe and Natural Gas Wells 
Water quality was examined in relation to the location of natural gas wells to determine 
whether any spatiotemporal association exists between water quality and drilling/hydraulic 
fracturing activities.   During data logging and processing it was observed that total Fe 
concentrations appeared to be elevated in some domestic water wells at various periods of time.  
To test whether natural gas extraction has any influence on total Fe in groundwater near gas 
wellheads, ArcMap was used to create a 1,000 feet buffer map of the gas wellheads.  Domestic 
water wells within the 1,000 feet buffer zone could then be easily identified.  Due to the 
geographically high density of gas wells and limited domestic water wells, three well-delineated, 
clustered and fairly isolated zones of gas wells were selected.  Additionally, these selected gas 
wells zones, contained within the 1,000 feet buffer, water wells with documented total Fe 
analytical data.  After the three gas well zones were selected (Figures 10.1, 11.1, and 12.1), three 
graphs in Microsoft Excel were prepared to show total Fe concentration in groundwater samples 
in relation to the nearby gas wells (Figures 10.2, 11.2, and 12.2).  To visualize temporal change, 
total Fe concentrations were plotted against time for all domestic water wells within the 1,000 
feet buffer of the gas well zone.  Also, drilling periods (Spud date to completion date) were 
plotted of each gas well within the gas well zone. 
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4 RESULTS AND DISCUSSION 
4.1 Geochemical Correlational Studies 
4.1.1 Water Chemistry Evaluation With Dissolved Methane 
Dissolved methane concentration was plotted in Microsoft Excel against the major 
chemical constituents, TDS, and Sr to test whether there are any chemical relationships in post-
drill groundwater.  For the first comparison of all methane and water chemistry pairs over the 
course of 2009 and 2010, no significant trends were observed (Figures 4.1 through 4.8).  There 
appears to be a slight, inverse trend between dissolved methane and SO4 (Figures 4.9 and 4.10).  
Figure 10 is a chart of all the combined data from 2009 and 2010 of the dissolved methane and 
SO4 pairs along with a trendline.  The simple linear regression (R-squared value) of the trendline 
is 0.41007, indicating a loose correlation between the two parameters.  Molofsky et al. (2013) 
found a similar inverse correlation of dissolved methane and SO4 of pre-drill groundwater as 
well.  Moreover, in a review by Vengosh et al. (2014), the authors cite a study of stray gas 
oxidation and SO4 reduction by Van Stempvoort et al. (2005), who found evidence of sulfide 
generation and carbon-13 depleted HCO3 with lower residual SO4 concentrations in the presence 
of stray gas.  Additionally, bacterial SO4 reductions can trigger other redox reactions such as 
reductive dissolution of oxides, which will in turn mobilize metals from the aquifer matrix such 
as Fe, manganese (Mn), and arsenic (As) (Vengosh et al., 2014).  Data analyses of this study do 
indicate drastic increases of total Fe following natural gas drilling (to be discussed subsequently 
in section 4.2.2).  The inverse correlation of dissolved methane and SO4, and the increases of 
total Fe in groundwater subsequent to gas drilling suggest anaerobic bacterial redox reactions 
due to abundant stray gas. 
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Figure 4.1. A plot of all methane and Sr pairs over the course of 2009 and 2010.  Pairs were 
plotted by quarter.  If available, some pairs from the same domestic water wells were 
plotted in multiple quarters. 
 
 
Figure 4.2. A plot of all methane and TDS pairs over the course of 2009 and 2010.  Pairs 
were plotted by quarter.  If available, some pairs from the same domestic water wells were 
plotted in multiple quarters. 
20 
 
Figure 4.3. A plot of all methane and Ca pairs over the course of 2009 and 2010.  Pairs were 
plotted by quarter.  If available, some pairs from the same domestic water wells were 
plotted in multiple quarters. 
 
 
Figure 4.4. A plot of all methane and Mg pairs over the course of 2009 and 2010.  Pairs 
were plotted by quarter.  If available, some pairs from the same domestic water wells were 
plotted in multiple quarters. 
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Figure 4.5. A plot of all methane and Na pairs over the course of 2009 and 2010.  Pairs were 
plotted by quarter.  If available, some pairs from the same domestic water wells were 
plotted in multiple quarters. 
 
 
Figure 4.6. A plot of all methane and K pairs over the course of 2009 and 2010.  Pairs were 
plotted by quarter.  If available, some pairs from the same domestic water wells were 
plotted in multiple quarters. 
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Figure 4.7. A plot of all methane and HCO3 pairs over the course of 2009 and 2010.  Pairs 
were plotted by quarter.  If available, some pairs from the same domestic water wells were 
plotted in multiple quarters. 
 
 
Figure 4.8. A plot of all methane and Cl pairs over the course of 2009 and 2010.  Pairs were 
plotted by quarter.  If available, some pairs from the same domestic water wells were 
plotted in multiple quarters. 
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Figure 4.9. A plot of all methane and SO4 pairs over the course of 2009 and 2010.  Pairs 
were plotted by quarter.  If available, some pairs from the same domestic water wells were 
plotted in multiple quarters. 
 
 
Figure 4.10. A combined plot of all methane and SO4 pairs over the course of 2009 and 
2010.  Note the trendline and R-squared value. 
 
24 
Additionally, a second plot was created to observe changes in groundwater quality, if 
any, throughout drilling and hydraulic fracturing activities.  For this second comparison, plots 
were made of the first and last pairs of methane and water chemistry from the same domestic 
water wells over the course of 2009 and 2010 (Figures 5.1 to 5.8).  The same water chemistry 
parameters were used as in the first comparison, except for SO4, which could not be plotted 
against dissolved methane due to limited data availability. These plots showed neither significant 
changes nor trends from the initial to the last sampling events.  This observation indicates that 
little change occurred to the water types over the course of the sampling/investigation period.  
However, due to the lack of pre-drill analytical data, it is unknown if any changes occurred to the 
water chemistry of the Dimock study area prior to natural gas extraction. 
 
 
Figure 5.1. A plot of the first and last pairs of methane (mg/L) and Sr (mg/L) from the 
same domestic water wells over the course of 2009 and 2010. 
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Figure 5.2. A plot of the first and last pairs of methane (mg/L) and TDS (mg/L) from the 
same domestic water wells over the course of 2009 and 2010. 
 
 
Figure 5.3. A plot of the first and last pairs of methane (mg/L) and HCO3 (mg/L) from the 
same domestic water wells over the course of 2009 and 2010. 
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Figure 5.4. A plot of the first and last pairs of methane (mg/L) and K (mg/L) from the same 
domestic water wells over the course of 2009 and 2010. 
 
 
Figure 5.5. A plot of the first and last pairs of methane (mg/L) and Mg (mg/L) from the 
same domestic water wells over the course of 2009 and 2010. 
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Figure 5.6. A plot of the first and last pairs of methane (mg/L) and Ca (mg/L) from the 
same domestic water wells over the course of 2009 and 2010. 
 
 
Figure 5.7. A plot of the first and last pairs of methane (mg/L) and Na (mg/L) from the 
same domestic water wells over the course of 2009 and 2010. 
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Figure 5.8. A plot of the first and last pairs of methane (mg/L) and Cl (mg/L) from the 
same domestic water wells over the course of 2009 and 2010. 
 
4.1.2 Aqueous Geochemical Facies And Dissolved Methane 
Due to the high volume of sampling in Dimock Township during the latter half of 2010, 
the time period of July 2010 to December 2010 was selected for an aqueous geochemical 
evaluation of dissolved methane.  This evaluation was accomplished by creating a trilinear 
diagram with samples plotted by dissolved methane concentrations (Figure 6).  For this 
evaluation, all major ionic constituents and dissolved methane results are required, and hence 
only 25 samples of our dataset were found with a complete set of required parameters.  Of the 25 
samples, the following chemical facies were found: 13 were Ca-HCO3, 7 were Ca-Na-HCO3, 2 
were Na-HCO3, 1 was Ca-HCO3-CL, 1 was Na-Cl, and 1 was a Ca-Na-HCO3-Cl (Table 1).  
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Figure 6. A trilinear diagram from the second half of 2010 with water analyses plotted by 
meq/L %.  Cations are plotted on the left triangle and anions are plotted on the right 
triangle.  Intersecting lines from both triangles are plotted on the diamond as a single point 
(Kehew, 2001).  The symbol shape denotes the dissolved methane concentration range. 
 
The results of the post-drill trilinear diagram suggest that Ca-HCO3 is the dominant 
chemical facies followed by Ca-Na-HCO3.  In a previous study of pre-drill groundwater 
performed by Molofsky et al. (2013), it was also found that Ca-HCO3 was the dominant 
chemical facies followed by Ca-Na-HCO3.  However, the Ca-HCO3 water type of the pre-drill 
study by Molofsky et al. (2013) was much more dominant than the Ca-HCO3 water type of this 
post-drill study.  Their pre-drill ratio of Ca-HCO3 to Ca-Na-HCO3 is 6 to 1 as opposed to 2 to 1 
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for this post-drill study.  Additionally, of the 281 pre-drill samples that are a Ca-HCO3 water 
type, none had dissolved methane concentrations greater than 1 mg/L.  On the other hand, of the  
 
Table 1. Chemical facies and number of samples that fall within the given concentration 
ranges of dissolved methane.  All samples were collected in the second half of 2010.   
Chemical Facies and Numbers of Samples Per Dissolved Methane (CH4) Concentration Range 
Chemical 
Facies 
< 1 mg/L 
CH4 
1-10 mg/L 
CH4 
10-35 mg/L 
CH4 
>35 mg/L 
CH4 
Total No. Of 
Samples 
Ca-HCO3 6 2 5 0 13 
Ca-Na-HCO3 4 0 2 1 7 
Na-HCO3 1 0 0 1 2 
Ca-HCO3-CL 1 0 0 0 1 
Ca-Na-HCO3-Cl 0 0 1 0 1 
Na-Cl 0 0 0 1 1 
 
13 post-drill samples of this study with a Ca-HCO3 water type, 7 samples had dissolved methane 
concentrations greater than 1 mg/L.  Of those 7 samples, 2 were in the concentration range of 1 
to 10 mg/L, and 5 were in the range of 10 to 35 mg/L.  The results of the Molofsky et al. (2013) 
pre-drill trilinear diagram indicate that the dominant chemical facies of the region is Ca-HCO3 
with very low concentrations of dissolved methane.  The results of this post-drill study indicate 
that Ca-HCO3 is dominant as well, but in this case, the dissolved methane concentrations are 
much higher.  Furthermore, in the post-drill area of Dimock Township, Ca-Na-HCO3 water type 
is much more prevalent than the surrounding pre-drill area of Susquehanna County.  This may be 
due to leaking stray gas and deeper formation water intruding the overlying aquifers and causing 
mixing.  The intruding water and natural gas could be either from the Marcellus shale or from 
other underlying rock units such as the Hamilton Group and the Lock Haven Formation.  Waters 
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from underlying formations are higher in TDS and have higher concentrations of natural gas 
components due to the natural geothermal gradient.  
4.2 Spatiotemporal Correlational Studies 
4.2.1 GIS Evaluation of Gas Well Production and Dissolved Methane 
Gas well production data were collected from the PADEP oil and gas reporting website.  
For the study area of Dimock Township, gas production data is only available for two time 
periods that coincide with the water quality data collected from the PADEP file review.  The 
time periods are July 2009 to June 2010 (12 months) and July 2010 to December 2010 (6 
months).  Thus, for both time periods (Figures 7 and 8) two maps that compare average dissolved 
methane concentrations of domestic waters in relation to average gas well production were 
created.  In both maps, there appears to be no correlation between gas production and dissolved 
methane in groundwater.  However, there is a slight decrease in gas well production and 
dissolved methane concentrations of adjacent, domestic water wells in a few data points from the 
earlier time period (July 2009 to June 2010) to the later time period (July 2010 to December 
2010).  For the Ely 4H and Ely 6H gas wells, production decreased from the early time period 
(Figure 7) to the later time period (Figure 8).  Gas production decreased from 835 Mcfd to 473 
Mcfd for the Ely 4H gas well, and from 2,042 Mcfd to 1,188 Mcfd for the Ely 6H gas well.  
Over the same time period, domestic water wells adjacent to the Ely gas wells decreased in 
dissolved methane.  Domestic water well RW-26 showed a decrease from 33.60 mg/L to non-
detectable and RW-32 decreased from 29.10 mg/L to 11.90 mg/L.  This decrease in methane 
may be caused by the decrease in gas pressure after the gas well has been connected to a 
pipeline.  After a natural gas well is drilled and hydraulically fractured, the initial gas pressure is 
high and it typically decreases as time goes on.   
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Moreover, gas wells that have been recently drilled and are considered “non-active,” may 
cause more stray gas problems to aquifers than “active,” producing gas wells.  In a paper by 
Vidic et al. (2013), it is mentioned that the north-central part of Pennsylvania contains high-
pressure gas in excess of hydrostatic pressure.  High-pressure gas commonly exists in this part of 
the state and it makes it difficult to seal the annulus with cement.  For example, the Baker 3 
(“non-active”) gas well was drilled from December 11, 2009 to April 9, 2010, and during that 
time period, adjacent domestic water wells RW-17, RW-19, RW-29, and RW-36 had dissolved 
methane concentrations of 10.30 mg/L, 36.30 mg/L, 5.13 mg/L, and 7.21 mg/L, respectively 
(Figure 7).  Later on in the second half of 2010, the Baker 3 gas well was still “non-active,” yet 
all four domestic water wells decreased to 0.84 mg/L, 5.80 mg/L, 4.71 mg/L, and 0.98 mg/L, 
respectively (Figure 8).  A possible explanation for this observation is that the spike in dissolved 
methane was caused by the initial release of trapped natural gas from the Marcellus shale and 
other overlying rock units once penetrated by drilling.  As time passed, the pressure of the initial 
release decreased, and dissolved methane concentrations of the surrounding aquifers decreased 
as well.  Stray gas leaks occur by poorly constructed gas wells that do not properly seal off the 
vertical portion of the borehole from the aquifer (Brantley et al., 2014).  The stray gas typically 
finds its way to an aquifer through gaps in the well annulus, which should be total sealed by 
grout (Vidic et al., 2013). 
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Figure 7. Green stars are locations of natural gas wellheads, and red dots are locations of 
domestic water wells.  The symbol size of each location represents the amount of natural 
gas production (Mcfd) per gas well and average dissolved methane (mg/L) per domestic 
water well, respectively.  This map represents a 12-month average from July 2009 to June 
2010. 
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Figure 8. Green stars are locations of natural gas wellheads, and red dots are locations of 
domestic water wells.  The symbol size of each location represents the amount of natural 
gas production (Mcfd) per gas well and average dissolved methane (mg/L) per domestic 
water well, respectively.  This map represents a 6-month average from July 2010 to 
December 2010. 
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4.2.2 Spatiotemporal Evaluation of Total Fe and Natural Gas Wells 
Baseline (pre-drill) testing of groundwater for the Dimock stray gas investigation was 
limited to very few test parameters, total Fe being one of them.  Total Fe data from domestic 
water wells were used namely due to its availability of pre-drill analytical results.  Water quality 
was evaluated over time in relation to drilling periods of natural gas wells to determine whether 
natural gas drilling and hydraulic fracturing have any influence on the water quality of 
surrounding aquifers. 
Three gas well zones were selected based on their locations and proximities to domestic 
waters wells.  Only domestic water wells within 1,000 feet of the gas wellheads were chosen and 
evaluated (Figure 9).  Within the 1,000 feet buffer radius of the Baker 1 and Baker 3 natural gas 
wells, 2 domestic water wells (RW-19 and RW-36) were identified (Figure 10.1).  Prior to the 
drilling of the Baker 1 gas well, both water wells were sampled and analyzed for total Fe in July 
of 2008 as part of baseline testing (Figure 10.2).  The July 2008 sample results for total Fe were 
0.015 mg/L (RW-19) and 0.011 mg/L (RW-36), well below the drinking water standard of 0.3 
mg/L.  The drilling of the Baker 1 gas well began on August 11, 2008 and ended on August 31, 
2008.  Shortly after the drilling of the Baker 1, RW-36 was again sampled on September 12, 
2008 and analyzed for total Fe, which resulted in a Fe concentration of 1.81 mg/L.  Between the 
drilling of the Baker 1 and Baker 3 gas wells, RW-36 was sampled a total of 10 times with total 
Fe concentrations ranging from 0.193 mg/L to 1.915 mg/L.  Eight out the 10 samples resulted in 
concentrations above the drinking water standard.  Unfortunately, RW-19 was not sampled again 
until the spring of 2010, so the total Fe concentration after the drilling of Baker 1 is unknown.  
The Baker 3 gas well is a horizontal borehole that trends towards the northwest.  Drilling of the 
Baker 3 started on December 11, 2009 and ended on April 9, 2010.  During the drilling period,  
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Figure 9. The black line outlining each gas well (green stars) represents a 1,000 feet buffer 
zone.  Some domestic water wells (red hexagon) lie within the zone.  Some gas wells were 
drilled vertically (green star) and horizontally (green line) while others are only vertical. 
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Figure 10.1. The map shows that domestic water wells RW-19 and RW-36 are within the 
1,000 feet buffer zone of the Baker 1 and Baker 3 natural gas wells.  Baker 3 is a vertical 
and horizontal borehole.  Baker 1 is a vertical only borehole. 
 
RW-36 was sampled and analyzed for total Fe on February 4, 2010.  The total Fe concentration 
spiked to 4.517 mg/L, which is 15 times that of the drinking water standard.  Shortly after 
38 
drilling ended, RW-19 was sampled and analyzed for total Fe, which resulted in a concentration 
of 0.541 mg/L, slightly above the drinking water standard.  After the drilling of the Baker 3 gas 
well, total Fe concentrations dropped and eventually returned to below the drinking water 
standard.  After the drilling of the Baker 3 gas well through the end of 2010, RW-19 and RW-36 
were sampled a total of 16 and 25 times, respectively.  Concentrations of total Fe for water wells 
RW-19 and RW-36 ranged from non-detectable to 0.541 mg/L and non-detectable to 1.181 
mg/L, respectively.  Of the 16 samples collected from RW-19, 1 sample had a total Fe 
concentration above the drinking water standard.  Of the 25 samples collected from RW-36, 3 
samples resulted in total Fe concentrations above the drinking water standard. 
 
 
Figure 10.2. The grey shaded areas represent the drilling periods of the Baker 1 and Baker 
3 natural gas wells.  Total Fe over time of domestic water wells RW-19 and RW-36 are 
represented by a turquoise X and a blue diamond, respectively.  The black, horizontal line 
at 0.3 mg/L represents the drinking water standard for total Fe. 
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Within the 1,000 feet buffer radius of the Gesford 2 and Gesford 7H-NW natural gas 
wells, 4 domestic water wells (RW-3, RW-5, RW-6, and RW-16) were identified (Figure 11.1).  
Prior to the drilling of the Gesford 2 gas well, 2 water wells (RW-5 and RW-16) were sampled  
 
 
Figure 11.1. The map shows that domestic water wells RW-3, RW-5, RW-6, and RW-16 are 
within the 1,000 feet buffer zone of the Gesford 2 and Gesford 7H-NW natural gas wells.  
Baker 7H-NW is a vertical and horizontal borehole.  Baker 2 is a vertical only borehole. 
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and analyzed for total Fe in July of 2008 as part of baseline (pre-drill) testing (Figure 11.2).  The 
July 2008 sample results for total Fe were non-detectable for both water wells.  The drilling of 
the Gesford 2 gas well began on September 23, 2008 and ended on October 14, 2008. After the 
drilling of the Gesford 2 gas well, only RW-16 had 1 total Fe concentration (0.428 mg/L) above 
the drinking water standard.  The Gesford 7H-NW gas well is a horizontal borehole that trends 
towards the northwest.  Drilling started on June 13, 2009 and ended on June 22, 2009.  After the 
drilling period, total Fe concentrations remained below the drinking water standard for 3 out of 
the 4 water wells.  However, RW-5 was sampled and analyzed for total Fe on September 16, 
2010.  The total Fe concentration spiked to 15.5 mg/L, which is 50 times more than the drinking 
water standard.  Total Fe concentrations of RW-5 remained above the drinking water standard 
for the rest of 2010, but ranged from 0.603 mg/L to 4.954 mg/L.   
 
 
Figure 11.2. The grey shaded areas represent the drilling periods of the Gesford 2 and 
Gesford 7H-NW natural gas wells.  Total Fe over time of domestic water wells RW-3, RW-
5, RW-6, and RW-16 are represented by a green triangle, a purple X, a red square, and a 
blue diamond, respectively.  The black, horizontal line at 0.3 mg/L represents the drinking 
water standard for total Fe. 
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Four domestic water wells (RW-24, RW-33, RW-34 and RW-35) were identified within 
the 1,000 feet radius of the Ratzel 1H, Ratzel 2H, and Ratzel 3-V natural gas wells (Figure 12.1).  
Prior to the drilling of the Ratzel 1H gas well, 3 out of the 4 water wells were sampled and 
analyzed for total Fe in August of 2008 as part of baseline testing (Figure 12.2).  The August 
2008 sample results for total Fe were 0.175 mg/L (RW-24), 0.208 mg/L (RW-34), and non-
detectable (RW-35), all below the drinking water standard of 0.3 mg/L.  The drilling of the 
Ratzel 1H gas well occurred over two periods, November 3, 2008 to November 23, 2008 and 
January 20, 2009 to April 8, 2009.  Immediately after the completion of the Ratzel 1H gas well, 
the Ratzel 2H and Ratzel 3-V gas wells were drilled from April 12, 2009 to May 15, 2009 and 
May 17, 2009 to July 13, 2009, respectively.  Over those time periods, only 1 well (RW-35) was 
sampled and analyzed, which resulted in a total Fe concentration of 0.061 mg/L.  Subsequent to 
the drilling of all 3 gas wells, 2 out of the 4 water wells (RW-34 and RW-35) had elevated 
concentrations of total Fe.  RW-35 seemed to be impacted shortly after the completion of drilling 
while RW-34 had a delayed response.  RW-35 was sampled on August 7, 2009 and analyzed for 
total Fe, which resulted in a concentration of 3.43 mg/L, 10 times the drinking water standard.  
RW-34 was sampled on August 13, 2009 and analyzed for total Fe, which resulted in a 
concentration of 0.334 mg/L, a slight impact.  However, RW-34 was sampled again on 
September 16, 2010, which resulted in a total Fe concentration of 3.161 mg/L.  Since the time 
periods of hydraulic fracturing are not known, the delayed response of RW-34 may be attributed 
to hydraulic fracturing of one of the gas wells after the completion of drilling.  Furthermore, it 
must be mentioned that total Fe concentrations of RW-24 and RW-33 remained slightly above or 
below the drinking water standard throughout and after drilling.  This is probably due to lack of 
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fracture connectivity between the vertical portions of the gas wells and water wells (RW-24 and 
RW-33).   
 
 
Figure 12.1. The map shows that domestic water wells RW-24, RW-33, RW-34, and RW-35 
are within the 1,000 feet buffer zone of the Ratzel 1H, Ratzel 2H, and Ratzel 3-V natural 
gas wells.  Ratzel 1H and Ratzel 2H are vertical and horizontal boreholes.  Ratzel 3-V is a 
vertical only borehole. 
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Figure 12.2. The grey shaded areas represent the drilling periods of the Ratzel 1H, Ratzel 
2H, and Ratzel 3-V natural gas wells.  Total Fe over time of domestic water wells RW-24, 
RW-33, RW-34, and RW-35 are represented by a blue diamond, a red square, a green 
triangle, and a purple X, respectively.  The black, horizontal line at 0.3 mg/L represents the 
drinking water standard for total Fe. 
 
All three 1,000 feet buffer zones evaluated sustained groundwater degradation during or 
shortly after gas drilling.  Six out of 10 domestic water wells had total Fe concentrations above 
the drinking water standard.  Before any drilling occurred, total Fe concentrations of all the 
domestic water wells were less than the drinking water standard of 0.3 mg/L.  Additionally, there 
appears to be a loose, positive correlation between dissolved methane and total Fe (e.g. as 
dissolved methane concentrations increase, total Fe concentrations increase).  Large increases of 
total Fe during or shortly after gas drilling suggest that fugitive gas migration into domestic 
water wells occurred, and acted as an electron donor for anaerobic bacteria.  Ferric hydroxide 
44 
coatings of grains within the aquifer matrix were likely reduced, which mobilized Fe2+ iron 
(Kehew, 2001).  Under anaerobic conditions (less than 1 mg/L dissolved oxygen (DO)), Fe2+ 
iron is in an aqueous form.  Most likely the bulk of the higher concentrations of total Fe was Fe2+ 
iron that was freed from the aquifer matrix via Fe3+ iron reduction by anaerobic microbes. 
Increases in total Fe are likely a product of reductive oxide dissolution following 
oxidation of stray gas and SO4 reduction (Vengosh et al., 2014, Van Stempvoort et al., 2005).  
As Vengosh et al. (2014) point out, reductive dissolution of oxides will result in freed redox 
sensitive elements (Fe, Mn, As, etc.) from the aquifer matrix.  Furthermore, anaerobic bacteria 
will reduce SO4, in the presence of fugitive methane, and residual SO4 concentrations will 
decrease (Vengosh et al., 2014).  This phenomenon was also observed (inverse trend) when 
comparing dissolved methane to SO4. 
 
Table 2. Number of domestic water wells impacted by Total Fe within 1,000 feet of natural 
gas wellheads, and highest total Fe concentrations recorded for each 1,000 feet buffer zone.  
Sampling of the Dimock Township stray gas investigation occurred from late 2008 through 
2010.  The Drinking Water Standard for total Fe is 0.3 mg/L. 
Number of Domestic Water Wells Impacted By Total Fe Within 1,000 Feet of Natural Gas Wells 
Gas Wells 
And Drilling Periods 
Of Each Buffer Zone 
No. Of  
Water Wells 
Within 1,000 ft. 
Buffer Zone 
No. and ID Of 
Water Wells 
With Fe > 0.3 mg/L 
 Highest Conc. (mg/L) 
Of Fe Over 
Sampling Period 
Baker 1 (8/11/08-8/31/08) 
Baker 3 (12/11/09-4/9/10) 2 
2 (RW-19 and  
RW-36) 4.517 (RW-36) 
Gesford 2 (9/23/08-10/14/08) 
Gesford 7H-NW (6/13/09-6/22/09) 4 
2 (RW-5 and  
RW-16) 15.5 (RW-5) 
Ratzel 1H (11/03/08-11/23/08 
And 1/20/09-4/8/09) 
Ratzel 2H (5/17/09-7/13/09) 
Ratzel 3-V (4/12/09-5/15/09) 
4 3 (RW-33, RW-34, and RW-35) 3.43 (RW-35) 
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5 CONCLUSIONS AND LIMITATIONS 
5.1 Geochemical Correlations 
By comparing dissolved methane with water chemistry parameters, the only trend 
observed was between dissolved methane and SO4.  The plot of the two parameters display that 
as SO4 concentrations increase, dissolved methane concentrations decrease.  A possible 
explanation for this would be methane oxidation via SO4 reduction by anaerobic microbes.  
Additionally, abrupt increases in total Fe were observed, and were likely caused by a reduction 
of ferric (Fe3+) iron in the presence of fugitive methane causing mobilization of ferrous (Fe2+) 
iron.  This further suggests that in anaerobic conditions, terminal electron accepting processes 
(TEAP) are occurring when fugitive methane is available as an electron donor (Van Stempvoort 
et al., 2005). 
Furthermore, the second comparison created to observe possible changes in groundwater 
quality throughout drilling and hydraulic fracturing showed no correlations between initial 
dissolved methane/water chemistry pairs and final dissolved methane/water chemistry pairs.  
Again, no data exist prior to drilling, and all analytical data were limited to 2009 and 2010.  
After conducting this study, it is apparent that mandated sampling should be conducted at least 
four quarters prior to drilling to take into account seasonal changes and to have evidence of water 
quality prior to any drilling activities.  Additionally, natural gas components such as methane, 
ethane, and propane along with all major and some minor chemical constituents must be a part of 
the pre-drill analyses.  Also, if methane is present in groundwater before drilling, isotopic 
analyses of methane and groundwater should be required before any Earth disturbances occur.  
An isotopic analysis would reveal the origin of the methane and groundwater, and if at a later 
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date, methane concentrations become elevated, a post-drill isotopic analysis would indicate 
whether the methane was pre-existing or was a result of drilling/hydraulic fracturing. 
The goal of creating a trilinear diagram was to observe what chemical facies correlate 
best with dissolved methane in an active area of drilling/hydraulic fracturing.  Although the 
dataset is limited, Ca-HCO3 is shown to be the dominant chemical facies followed by Ca-Na-
HCO3.  Also, various ranges of dissolved methane concentrations were found with all water 
types and no one specific water type correlates best with methane.  Furthermore, Ca-Na-HCO3 
water types are more numerous than previous pre-drill studies indicate (Molofsky et al., 2013), 
which may be the result of mixing and stray gas intrusion.  The dataset of the trilinear diagram is 
limited due to incomplete analyses of all major chemical constituents along with dissolved 
methane.  Abundant sampling and analyses were implemented throughout the stray gas 
investigation of Dimock Township.  However, many analyses lacked dissolved methane or SO4 
results.  To better understand the geochemical relationships of groundwater and natural gas, 
future analyses of pre-drill and post-drill groundwater should be more comprehensive.  
5.2 Spatiotemporal Correlations 
By reviewing the gas well production versus dissolved methane maps, it appears that for 
some gas wells, the initial drilling and hydraulic fracturing process causes spikes of dissolved 
methane in adjacent groundwater.  Also, over time, gas production decreases along with 
dissolved methane.  However, this trend was not observed for all the gas wells within the study 
area.  Contradictory to what was observed with the Ely 4H and 6H gas wells, gas production of 
the Ratzel gas wells decreased while dissolved methane of adjacent water wells increased. 
Considering the spatiotemporal graphs of total Fe concentrations within 1,000 feet of 
natural gas wellheads, the results indicate that natural gas extraction indirectly caused rises in 
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total Fe concentrations of domestic waters wells.  The increases in total Fe concentrations 
coupled with decreases of residual SO4 in the presence of methane suggest the occurrence of 
redox reactions by anaerobic microbes.  Methane, and most likely other natural gas constituents 
(e.g. ethane, propane), appear to be acting as electron donors and are initiating TEAP. 
Therefore, total Fe, Mn, oxidation/reduction potential (ORP), and DO were found to be 
essential pre- and post-drill test parameters and should be used to monitor TEAP along with 
natural gas constituents.  For future data evaluations of this stray gas investigation, total Fe, and 
Mn, another redox sensitive element, will be plotted against dissolved methane to view trends if 
they exist.  Furthermore, Mn will be spatially (within 1,000 feet of gas wellheads) and 
temporally evaluated similarly to total Fe concentrations of this study.  If the data suggest that 
Mn reduction via anaerobic respiration occurred, it would be supplemental evidence to support 
the TEAP hypothesis. 
The results of this study strongly suggest that there is an influence on the surrounding 
aquifers of these 3 gas wells, however limitations of this study prevent solid conclusions.  First, 
the dates of hydraulic fracturing are neither known nor are they available to the public.  
Hydraulic fracturing is a separate process after drilling, and to identify the exact time periods 
when these processes occur would create a more definite conclusion.  The second limitation of 
this study is the limited pre-drill data that were available.  For most domestic water wells, only 
one round of pre-drill sampling was conducted.  Additional rounds of pre-drill sampling would 
further strengthen this conclusion.  
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APPENDICES  
Appendix A 
Trilinear Diagram Data 
Second Half 2010 
Dimock Township, Susquehanna County, Pennsylvania 
	  
 RW_1  
 Constituent Conc. 
(mg/L) 
Mol wt. charge meq/L meq % Methane (mg/L) 
Cations Ca2+ 21.7 40.08 2 1.08 58.2 ND 
Mg2+ 6.004 24.31 2 0.49 26.6 
Na+ 6.52 22.99 1 0.28 15.2 
K+ 0.0 39.10 1 0.00 0.0 
Anions HCO3- 105.9 61.02 1 1.74 90.2 
SO42- 4.83 96.06 2 0.10 5.2 
Cl- 3.1 35.45 1 0.09 4.5 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
   RW_4    
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 32.20 40.08 2 1.61 60.5 ND 
Mg2+ 5.235 24.31 2 0.43 16.2 
Na+ 13.1 22.99 1 0.57 21.4 
K+ 1.948 39.10 1 0.05 1.9 
Anions HCO3- 70.5 61.02 1 1.16 47.9 
SO42- 18.03 96.06 2 0.38 15.6 
Cl- 31.2 35.45 1 0.88 36.5 
CO32- 0.0 60.01 2 0.00 0.0 
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  RW_6   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 27 40.08 2 1.35 63.4 1.72 
Mg2+ 6.726 24.31 2 0.55 26.0 
Na+ 5.143 22.99 1 0.22 10.5 
K+ 0.0 39.10 1 0.00 0.0 
Anions HCO3- 103.5 61.02 1 1.70 75.3 
SO42- 12.88 96.06 2 0.27 11.9 
Cl- 10.2 35.45 1 0.29 12.8 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
  RW_8   
  Constituent Conc. 
(mg/L) 
Mol wt. charge meq/L meq % Methane (mg/L) 
Cations Ca2+ 22.6 40.08 2 1.13 60.9 ND 
Mg2+ 4.237 24.31 2 0.35 18.8 
Na+ 7.935 22.99 1 0.35 18.7 
K+ 1.14 39.10 1 0.03 1.6 
Anions HCO3- 103.0 61.02 1 1.69 87.3 
SO42- 8.1 96.06 2 0.17 8.7 
Cl- 2.7 35.45 1 0.08 3.9 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
  RW_10   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane (mg/L) 
Cations Ca2+ 24 40.08 2 1.20 45.8 51.6 
Mg2+ 4.104 24.31 2 0.34 12.9 
Na+ 24.1 22.99 1 1.05 40.1 
K+ 1.167 39.10 1 0.03 1.1 
Anions HCO3- 153.0 61.02 1 2.51 92.7 
SO42- 1.36 96.06 2 0.03 1.0 
Cl- 6 35.45 1 0.17 6.3 
CO32- 0.0 60.01 2 0.00 0.0 
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  RW_A   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 26.1 40.08 2 1.30 42.7 29.3 
Mg2+ 7.224 24.31 2 0.59 19.5 
Na+ 25.9 22.99 1 1.13 36.9 
K+ 1.185 39.10 1 0.03 1.0 
Anions HCO3- 152.0 61.02 1 2.49 78.0 
SO42- 0.0 96.06 2 0.00 0.0 
Cl- 24.9 35.45 1 0.70 22.0 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
  RW_B   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 1.86 40.08 2 0.09 0.9 83.7 
Mg2+ 0.241 24.31 2 0.02 0.2 
Na+ 238 22.99 1 10.35 98.4 
K+ 2.124 39.10 1 0.05 0.5 
Anions HCO3- 200.1 61.02 1 3.28 29.5 
SO42- 0.0 96.06 2 0.00 0.0 
Cl- 277.6 35.45 1 7.83 70.5 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
  RW_14   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 1.056 40.08 2 0.05 1.6 37.4 
Mg2+ 0.212 24.31 2 0.02 0.5 
Na+ 73.1 22.99 1 3.18 96.8 
K+ 1.318 39.10 1 0.03 1.0 
Anions HCO3- 191.1 61.02 1 3.13 93.3 
SO42- 8.58 96.06 2 0.18 5.3 
Cl- 1.7 35.45 1 0.05 1.4 
CO32- 0.0 60.01 2 0.00 0.0 
 
53 
  RW_15   
  Constituent Conc. 
(mg/L) 
Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 26.6 40.08 2 1.33 52.4 31.4 
Mg2+ 5.521 24.31 2 0.45 17.9 
Na+ 16.4 22.99 1 0.71 28.1 
K+ 1.553 39.10 1 0.04 1.6 
Anions HCO3- 148.4 61.02 1 2.43 89.3 
SO42- 8.53 96.06 2 0.18 6.5 
Cl- 4 35.45 1 0.11 4.1 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
  RW_16   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 35.5 40.08 2 1.77 57.9 0.00915 
Mg2+ 8.917 24.31 2 0.73 24.0 
Na+ 11.9 22.99 1 0.52 16.9 
K+ 1.391 39.10 1 0.04 1.2 
Anions HCO3- 153.0 61.02 1 2.51 80.7 
SO42- 12.8 96.06 2 0.27 8.6 
Cl- 11.8 35.45 1 0.33 10.7 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
  RW_C   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 25.2 40.08 2 1.26 56.8 23.1 
Mg2+ 4.773 24.31 2 0.39 17.7 
Na+ 12.2 22.99 1 0.53 24.0 
K+ 1.292 39.10 1 0.03 1.5 
Anions HCO3- 107.1 61.02 1 1.76 81.2 
SO42- 8.28 96.06 2 0.17 8.0 
Cl- 8.3 35.45 1 0.23 10.8 
CO32- 0.0 60.01 2 0.00 0.0 
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  RW_19   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 31.5 40.08 2 1.57 60.6 0.44 
Mg2+ 6.836 24.31 2 0.56 21.7 
Na+ 9.81 22.99 1 0.43 16.5 
K+ 1.203 39.10 1 0.03 1.2 
Anions HCO3- 139.1 61.02 1 2.28 87.5 
SO42- 11.9 96.06 2 0.25 9.5 
Cl- 2.8 35.45 1 0.08 3.0 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
  RW_22   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 29.8 40.08 2 1.49 56.5 1.84 
Mg2+ 7.035 24.31 2 0.58 22.0 
Na+ 11.9 22.99 1 0.52 19.7 
K+ 1.866 39.10 1 0.05 1.8 
Anions HCO3- 142.0 61.02 1 2.33 85.5 
SO42- 9.64 96.06 2 0.20 7.4 
Cl- 6.9 35.45 1 0.19 7.1 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
 RW_D  
 Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 24.6 40.08 2 1.23 37.8 0.347 
Mg2+ 7.384 24.31 2 0.61 18.7 
Na+ 31.6 22.99 1 1.37 42.3 
K+ 1.539 39.10 1 0.04 1.2 
Anions HCO3- 147.9 61.02 1 2.42 71.4 
SO42- 1.88 96.06 2 0.04 1.2 
Cl- 33 35.45 1 0.93 27.4 
CO32- 0.0 60.01 2 0.00 0.0 
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 RW_24  
 Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 32 40.08 2 1.60 46.8 15.7 
Mg2+ 8.82 24.31 2 0.73 21.3 
Na+ 24 22.99 1 1.04 30.6 
K+ 1.769 39.10 1 0.05 1.3 
Anions HCO3- 142.3 61.02 1 2.33 64.1 
SO42- 0.0 96.06 2 0.00 0.0 
Cl- 46.3 35.45 1 1.31 35.9 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
  RW_25   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 28 40.08 2 1.40 55.8 0.158 
Mg2+ 6.608 24.31 2 0.54 21.7 
Na+ 11.9 22.99 1 0.52 20.7 
K+ 1.746 39.10 1 0.04 1.8 
Anions HCO3- 135.7 61.02 1 2.22 86.6 
SO42- 9.72 96.06 2 0.20 7.9 
Cl- 5 35.45 1 0.14 5.5 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
  RW_26   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 23.5 40.08 2 1.17 51.7 ND 
Mg2+ 3.1 24.31 2 0.26 11.2 
Na+ 18.7 22.99 1 0.81 35.8 
K+ 1.14 39.10 1 0.03 1.3 
Anions HCO3- 79.3 61.02 1 1.30 54.8 
SO42- 13.81 96.06 2 0.29 12.1 
Cl- 27.8 35.45 1 0.78 33.1 
CO32- 0.0 60.01 2 0.00 0.0 
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  RW_29   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 9.59 40.08 2 0.48 12.8 0.565 
Mg2+ 1.877 24.31 2 0.15 4.1 
Na+ 70.6 22.99 1 3.07 82.2 
K+ 1.28 39.10 1 0.03 0.9 
Anions HCO3- 209.8 61.02 1 3.44 84.4 
SO42- 13.5 96.06 2 0.28 6.9 
Cl- 12.5 35.45 1 0.35 8.7 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
  RW_34   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 25.3 40.08 2 1.26 50.5 27.6 
Mg2+ 8.077 24.31 2 0.66 26.6 
Na+ 12.4 22.99 1 0.54 21.6 
K+ 1.367 39.10 1 0.03 1.4 
Anions HCO3- 145.2 61.02 1 2.38 92.7 
SO42- 3.78 96.06 2 0.08 3.1 
Cl- 3.9 35.45 1 0.11 4.3 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
  RW_35   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 28.3 40.08 2 1.41 51.8 31 
Mg2+ 8.806 24.31 2 0.72 26.6 
Na+ 12.8 22.99 1 0.56 20.4 
K+ 1.26 39.10 1 0.03 1.2 
Anions HCO3- 147.9 61.02 1 2.42 86.0 
SO42- 4.71 96.06 2 0.10 3.5 
Cl- 10.5 35.45 1 0.30 10.5 
CO32-­‐	   0.0	   60.01	   2	   0.00	   0.0	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  RW_36   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 30.7 40.08 2 1.53 47.3 0.0156 
Mg2+ 6.259 24.31 2 0.51 15.9 
Na+ 26.7 22.99 1 1.16 35.8 
K+ 1.249 39.10 1 0.03 1.0 
Anions HCO3- 140.5 61.02 1 2.30 73.4 
SO42- 16.6 96.06 2 0.35 11.0 
Cl- 17.3 35.45 1 0.49 15.6 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
  RW_40   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 30.8 40.08 2 1.54 58.9 13.0 
Mg2+ 6.188 24.31 2 0.51 19.5 
Na+ 12.1 22.99 1 0.53 20.2 
K+ 1.461 39.10 1 0.04 1.4 
Anions HCO3- 148.4 61.02 1 2.43 85.9 
SO42- 10.74 96.06 2 0.22 7.9 
Cl- 6.2 35.45 1 0.17 6.2 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
  RW_42   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 30.3 40.08 2 1.51 35.1 27.8 
Mg2+ 8.895 24.31 2 0.73 17.0 
Na+ 46.4 22.99 1 2.02 46.8 
K+ 2.017 39.10 1 0.05 1.2 
Anions HCO3- 133.0 61.02 1 2.18 50.0 
SO42- 0.0 96.06 2 0.00 0.0 
Cl- 77.4 35.45 1 2.18 50.0 
CO32- 0.0 60.01 2 0.00 0.0 
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  RW_44   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 22.7 40.08 2 1.13 41.0 0.0499 
Mg2+ 3.682 24.31 2 0.30 11.0 
Na+ 29.5 22.99 1 1.28 46.5 
K+ 1.647 39.10 1 0.04 1.5 
Anions HCO3- 155.2 61.02 1 2.54 91.9 
SO42- 7.58 96.06 2 0.16 5.7 
Cl- 2.4 35.45 1 0.07 2.4 
CO32- 0.0 60.01 2 0.00 0.0 
 
 
  RW_E   
  Constituent Conc. (mg/L) Mol wt. charge meq/L meq % Methane 
(mg/L) 
Cations Ca2+ 23.7 40.08 2 1.18 49.7 0.019 
Mg2+ 5.446 24.31 2 0.45 18.8 
Na+ 16.2 22.99 1 0.70 29.6 
K+ 1.706 39.10 1 0.04 1.8 
Anions HCO3- 121.5 61.02 1 1.99 82.8 
SO42- 13.34 96.06 2 0.28 11.6 
Cl- 4.8 35.45 1 0.14 5.6 
CO32- 0.0 60.01 2 0.00 0.0 
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Appendix B 
Appendix B.1 
Average Methane Concentrations of Domestic Water Wells 
Second Half of 2009 and First Half of 2010 
Dimock Township, Susquehanna County, Pennsylvania 
 
RW_ID X Y Avg_CH4 SD SE Count 
15 -75.87841667 41.73011111 50.47 0.62 0.36 3 
13 -75.87744444 41.73222222 46.43 5.10 2.55 4 
14 -75.87561111 41.73219444 43.60 0.00 0.00 1 
17 -75.88197222 41.7475 10.30 0.00 0.00 1 
19 -75.88252778 41.74386111 36.30 3.00 2.12 2 
22 -75.87736111 41.72602778 2.27 1.39 0.98 2 
23 -75.8775 41.72905556 23.60 0.00 0.00 1 
29 -75.88388889 41.74491667 5.13 5.51 1.95 8 
34 -75.85955556 41.73744444 29.30 0.00 0.00 1 
35 -75.86002778 41.73619444 20.65 9.05 6.40 2 
36 -75.88305556 41.7455 7.21 7.18 2.54 8 
40 -75.87625 41.72688889 3.54 1.52 1.07 2 
42 -75.85861111 41.73675 44.73 5.19 2.99 3 
39 -75.87683333 41.72511111 3.99 1.27 0.89 2 
44 -75.87841667 41.72141667 0.61 0.00 0.00 1 
1 -75.87791667 41.74802778 0.02 0.00 0.00 1 
2 -75.87263889 41.71686111 0.00 0.00 0.00 1 
6 -75.88055556 41.738 0.52 0.51 0.30 3 
10 -75.85555556 41.74441667 58.75 4.55 3.22 2 
16 -75.87961111 41.73694444 0.01 0.01 0.00 3 
24 -75.86125 41.73488889 1.65 0.00 0.00 1 
26 -75.87280556 41.71819444 33.60 3.60 2.55 2 
30 -75.87213889 41.71825 0.02 0.00 0.00 1 
32 -75.87008333 41.71763889 29.10 0.00 0.00 1 
38 -75.87916667 41.74852778 0.01 0.00 0.00 1 
45 -75.88305556 41.72613889 0.01 0.00 0.00 2 
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Appendix B.2 
Average Methane Concentrations of Domestic Water Wells 
Second Half of 2009 and First Half of 2010 
Dimock Township, Susquehanna County, Pennsylvania 
 
RW_ID X Y Avg_CH4 SD SE Count 
4 -75.88255556 41.74661111 0.00 0.00 0.00 2 
5 -75.88030556 41.73944444 16.88 1.96 0.69 8 
15 -75.87841667 41.73011111 42.40 9.59 2.20 19 
13 -75.87744444 41.73222222 41.35 5.70 1.31 19 
14 -75.87561111 41.73219444 42.93 9.63 3.93 6 
17 -75.88197222 41.7475 0.84 0.71 0.27 7 
19 -75.88252778 41.74386111 5.80 7.53 1.94 15 
22 -75.87736111 41.72602778 1.83 0.29 0.08 13 
29 -75.88388889 41.74491667 4.71 6.41 1.60 16 
34 -75.85955556 41.73744444 24.98 10.20 3.40 9 
35 -75.86002778 41.73619444 31.00 0.00 0.00 1 
36 -75.88305556 41.7455 0.98 2.31 0.56 17 
40 -75.87625 41.72688889 11.94 1.96 0.98 4 
42 -75.85861111 41.73675 27.80 0.00 0.00 1 
39 -75.87683333 41.72511111 3.16 0.78 0.22 13 
44 -75.87841667 41.72141667 0.58 0.72 0.21 12 
1 -75.87791667 41.74802778 0.00 0.00 0.00 1 
3 -75.88133333 41.74091667 3.21 0.00 0.00 1 
6 -75.88055556 41.738 1.72 0.00 0.00 1 
8 -75.87658333 41.72288889 0.00 0.00 0.00 1 
10 -75.85555556 41.74441667 40.41 14.77 4.67 10 
16 -75.87961111 41.73694444 0.00 0.00 0.00 9 
24 -75.86125 41.73488889 18.60 2.90 2.05 2 
25 -75.87769444 41.72497222 0.16 0.00 0.00 1 
26 -75.87280556 41.71819444 0.00 0.00 0.00 1 
32 -75.87008333 41.71763889 11.90 0.00 0.00 1 
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Appendix C 
Appendix C.1 
Daily Average Gas Production Per Wellhead 
Second Half of 2009 and First Half of 2010 
Dimock Township, Susquehanna County, Pennsylvania 
 
Well 
Name 
Gas Quantity 
(Mcf) 
Gas Production 
Days 
Gas Quantity 
Per day (Mcfd) 
A_HUNSINGER_1H 879193 85 10343 
A_HUNSINGER_3H_NW 221019 79 2798 
A_LATHROP_2H_NW 750781 110 6825 
B_SEVERCOOL_2H_NW 739777 226 3273 
BAKER_3 0 0 0 
BLACK_1H 978632 365 2681 
BLACK_2H 500537 365 1371 
BROOKS_1H 1111048 360 3086 
C_LARUE_3H_SE 21200 14 1514 
C_LARUE_6 123267 14 8805 
ELK_LAKE_SCHL_DIST_1H 1104610 140 7890 
ELY_4H 265476 318 835 
ELY_5H 38317 36 1064 
ELY_6H 712697 349 2042 
G_SHIELDS_2H 216069 45 4802 
G_SHIELDS_4H_SE 55962 19 2945 
G_SHIELDS_5H_NW 508603 54 9419 
GESFORD_5H_NW 216263 75 2884 
GESFORD_7H_NW 1142881 218 5243 
HEITSMAN_1H 711068 365 1948 
HEITSMAN_4H_NW 317288 235 1350 
HOOVER_2H_SE 569181 96 5929 
HUBBARD_5H 1408136 289 4872 
HUBBARD_6H 1207135 289 4177 
J_GRIMSLEY_2H_SE 462802 155 2986 
R_HULL_1H 295663 109 2713 
R_HULL_2H 70123 14 5009 
R_SMITH_1H 729715 185 3944 
R_SMITH_2H 1178736 183 6441 
R_SMITH_3H 1416281 128 11065 
RATZEL_1H 2171399 314 6915 
RATZEL_2H 111812 272 411 
TEEL_8H 1802475 365 4938 
W_BROOKS_4H_SE 870489 105 8290 
62 
W_CHUDLEIGH_3H_NW 142070 14 10148 
A_HEITSMAN_A1 109149 239 457 
A_LATHROP_1 56225 100 562 
B_SEVERCOOL_1 109570 230 476 
BAKER_1 119419 243 491 
C_LARUE_2 7973 15 532 
COSTELLO_1 80247 365 220 
COSTELLO_2 65670 365 180 
ELK_LAKE_SCHOOL_DIST_2V 100847 130 776 
ELY_2 127100 365 348 
G_SHIELDS_2 75475 46 1641 
GESFORD_1 193254 283 683 
GESFORD_2 124415 279 446 
GESFORD_3 81511 256 318 
GREENWOOD_1 62079 190 327 
HEITSMAN_2 142189 233 610 
HOOVER_1V 54913 88 624 
HUBBARD_1 118041 297 397 
J_GRIMSLEY_1 149635 155 965 
LEWIS_1 99951 364 275 
LEWIS_2 123289 364 339 
R_SMITH_4 121052 239 506 
RATZEL_3V 111699 308 363 
ROZANSKI_1 172760 365 473 
TEEL_1 158081 365 433 
TEEL_10V 100423 332 302 
TEEL_13V 96408 365 264 
TEEL_3 96407 365 264 
TEEL_5 88681 353 251 
TEEL_6 316255 348 909 
TEEL_7 79010 365 216 
W_BROOKS_1 110093 114 966 
W_BROOKS_2 90107 104 866 
W_CHUDLEIGH_1 177072 248 714 
W_CHUDLEIGH_2 8527 14 609 
 
 
 
 
63 
Appendix C.2 
Daily Average Gas Production Per Wellhead 
Second Half of 2010 
Dimock Township, Susquehanna County, Pennsylvania 
Well 
Name 
Gas Quantity 
(Mcf) 
Gas Production 
Days 
Gas Quantity 
Per day (Mcfd) 
A_HEITSMAN_1 41041 184 223 
A_HUNSINGER_1H 1405569 184 7639 
A_HUNSINGER_2H 1509264 163 9259 
A_HUNSINGER_3H_NW 506601 181 2799 
A_HUNSINGER_4H_NW 1431064 163 8780 
A_LATHROP_1 74283 184 404 
A_LATHROP_2H_NW 694422 184 3774 
A_M_HIBBARD_1H 1919157 168 11424 
A_M_HIBBARD_3 1966588 168 11706 
B_SEVERCOOL_1 42759 184 232 
B_SEVERCOOL_2H_NW 396102 184 2153 
BLACK_1H 349005 184 1897 
BLACK_2H 200541 184 1090 
BROOKS_1H 356046 183 1946 
BROOKS_W_1 55685 126 442 
BROOKS_W_2 69840 155 451 
C_LARUE_2 55285 170 325 
C_LARUE_3H_SE 538548 184 2927 
C_LARUE_4 781768 122 6408 
C_LARUE_5 883400 122 7241 
C_LARUE_6 1792948 184 9744 
C_ROSE_3 40900 5 8180 
CARSON_1 491892 41 11997 
CARSON_3 362083 41 8831 
COSTELLO_1 27924 184 152 
COSTELLO_2 16124 158 102 
ELK_LAKE_SCHOOL_DIST_2V 62415 172 363 
ELK_LAKE_SCHOOL_DISTRICT_1H 911022 184 4951 
ELY_2 48297 182 265 
ELY_4H 87027 184 473 
ELY_5H 966 40 24 
ELY_6H 218668 184 1188 
ELY_7H_SE 1519 115 13 
G_SHIELDS_1 157958 181 873 
G_SHIELDS_2H 597666 184 3248 
G_SHIELDS_4H_SE 786771 184 4276 
G_SHIELDS_5H_NW 2026325 184 11013 
GESFORD_1 53340 184 290 
64 
GESFORD_2 45252 184 246 
GESFORD_5H_NW 398353 184 2165 
GESFORD_7H_NW 603889 184 3282 
GREENWOOD_1 29694.58 86 345 
GREENWOOD_6 1498604 122 12284 
GREENWOOD_7 1080458 122 8856 
GREENWOOD_8 1473734 122 12080 
HEITSMAN_1H 212843 183 1163 
HEITSMAN_2 52244 181 289 
HEITSMAN_4H_NW 180153 183 984 
HOOVER_1V 80292 182 441 
HOOVER_2H_SE 658489 184 3579 
HUBBARD_1 36428 152 240 
HUBBARD_5H 482177 184 2621 
HUBBARD_6H 400248 184 2175 
J_GRIMSLEY_1 65307 166 393 
J_GRIMSLEY_2H_SE 1214041 183 6634 
LEWIS_1 30814 180 171 
LEWIS_2 37768 184 205 
R_HULL_1H 653723 184 3553 
R_HULL_2H 761140 184 4137 
R_SMITH_1H 366251 184 1990 
R_SMITH_2H 638606 184 3471 
R_SMITH_3H 1595385 184 8671 
R_SMITH_4 20146 89 226 
RATZEL_1H 620923 184 3375 
RATZEL_2H 167667 141 1189 
RATZEL_3V 38982 184 212 
ROZANSKI_1 59350 184 323 
TEEL_1 50891 184 277 
TEEL_10H 24185 184 131 
TEEL_13V 19807 184 108 
TEEL_3 34493 184 187 
TEEL_5 40855 184 222 
TEEL_6 76001 184 413 
TEEL_7 29892 184 162 
TEEL_8H 498339 184 2708 
W_BROOKS_4H_SE 1345310 184 7311 
W_BROOKS_5 6 2 3 
W_CHUDLEIGH_1 55954 183 306 
W_CHUDLEIGH_2 67046 178 377 
W_CHUDLEIGH_3H_NW 2451836 184 13325 
 
